INTRODUCTION {#sec1-1}
============

Gap junctions are composed of proteins that form a channel connecting the cytoplasm of adjacent cells, which allows various molecules and ions to pass freely between them\[[@ref1][@ref2]\]. There are numerous gap junction protein families connecting different types of cells such as neurons and oligodendrocytes. In the central nervous system, gap junctions play an important role in brain physiology. They synchronize neuronal activity and connect glial cells participating in the regulation of brain metabolism and homeostasis\[[@ref3][@ref4]\]. The behavioral and clinical effects of gap junction blockers suggest that gap junctions are involved in the regulation of locomotor activity, arousal, memory, breathing and consciousness\[[@ref5]\]. General anesthetics act on multiple receptors, ion channels, and cell signaling systems in the central nervous system to produce anesthesia\[[@ref6]\]. However, it remains poorly understood how general anesthetics induce loss of consciousness. Recent studies have suggested that general anesthetics induce loss of consciousness by inhibiting ascending arousal pathways or by potentiating sleep promoting pathways\[[@ref7][@ref8]\]. Recent studies suggest that certain anesthetic agents decrease gap junctional electrical coupling *in vitro* \[[@ref9]\]. We therefore hypothesized that inhibiting gap junction activity would enhance general anesthetic-induced loss of consciousness. The present study was designed to explore the influence of gap junction blockade on the hypnotic effects of the general anesthetics propofol and sevoflurane in rats.

RESULTS {#sec1-2}
=======

Grouping and treatment of experimental animals {#sec2-1}
----------------------------------------------

Eighty male adult Sprague-Dawley rats were randomly assigned to eight groups (*n* = 10): sham-surgery (normal saline injection via the lateral ventricle); carbenoxolone (CA); propofol (propofol injection via the lateral ventricle); propofol + CA (further divided into propofol + 200 μg CA, propofol + 300 μg CA and propofol + 400 μg CA); sevoflurane; sevoflurane + CA. In total, 80 rats were included in the final analysis.

Effects of different doses of CA on propofol-mediated anesthesia {#sec2-2}
----------------------------------------------------------------

To study the effects of gap junction channel blockade on intravenous anesthesia, animals first received intracerebroventricular administration of CA at different doses. CA alone did not produce any observable change in behavior. However, intracerebroventricular pretreatment with CA, in a dose-dependent manner, decreased the time to loss of the righting reflex in rats receiving intraperitoneal injection of 5 mg/100 g propofol (propofol = 12.4 ± 3.32 minutes, propofol + 200 μg CA = 6.27 ± 1.26 minutes, propofol + 300 μg CA = 3.47 ± 1.31 minutes, propofol + 400 μg CA = 3.52 ± 0.58 minutes; *P* \< 0.05). Furthermore, intracerebroventricular pretreatment with CA significantly increased the time it took for the righting reflex to recover compared with the sham-surgery group (propofol = 24.25 ± 4.57 minutes, propofol + 200 μg CA = 74.73 ± 13.1 minutes, propofol + 300 μg CA = 76.48 ± 7.46 minutes, propofol + 400 μg CA = 73.67 ± 8.87 minutes; *P* \< 0.05; Figures [1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}).

![Effect of different doses of carbenoxolone on the time to loss of the righting reflex.\
Rats were pretreated with different doses of carbenoxolone followed by propofol (5 mg/100 g).\
All values are expressed as mean ± SEM of 10 rats in each group.^*a*^ *P* \< 0.05, *vs*. 0 μg, ^b^*P* \< 0.05, *vs*. 200 μg (one-way analysis of variance and Student-Newman- Keuls test).](NRR-7-492-g001){#F1}

![Effect of different doses of carbenoxolone on return of the righting reflex.\
Rats were pretreated with different doses of carbenoxolone followed by propofol (5 mg/100 g).\
All values are expressed as mean ± SEM of 10 rats in each group.^*a*^*P* \< 0.05, *vs*. 0 μg (one-way analysis of variance and Student-Newman-Keuls test).](NRR-7-492-g002){#F2}

Effects of different doses of CA on sevoflurane-mediated anesthesia {#sec2-3}
-------------------------------------------------------------------

We also assessed the effects of gap junction channel blockade on inhalational anesthesia. Exposure to sevoflurane produced anesthetic effects or hypnosis in a dose-dependent manner in both groups of rats. However, rats that received CA exhibited increased sensitivity to sevoflurane compared with rats that received normal saline. The concentration at which one half of the rats showed loss of the righting reflex was 1.5% in the sham-surgery group (*n* = 10) and 1.3% in the CA group (*n* = 10). The 50% effective concentration (EC~50~) decreased (sevoflurane = 1.5%, sevoflurane + CA = 1.3%, *P* \< 0.05; [Figure 3](#F3){ref-type="fig"}).

![Dose-response curve of the loss of righting reflex *versus* sevoflurane concentration.\
Rats were pretreated with sevoflurane (S group) or 200 μg carbenoxolone through the lateral ventricle followed by different doses of sevoflurane (CA + S group).\
All values were expressed as mean ± SEM of 10 rats in each group. ^a^*P* \< 0.05, *vs*. sevoflurane group (*F* test for nonlinear regressions).](NRR-7-492-g003){#F3}

DISCUSSION {#sec1-3}
==========

Gap junctions are mainly composed of the connexin protein, and they allow for the movement of important inorganic ions, second messengers and other small water-soluble molecules between cells\[[@ref10][@ref11][@ref12]\]. The present study demonstrates for the first time that intracerebroventricular administration of the gap junction blocker CA decreases the time to onset of the propofol-induced loss of the righting reflex and increases the duration of this loss in a dose-dependent manner. CA pretreatment also induced a leftward shift in the loss of the righting reflex dose-response curve. Therefore, these results suggest that gap junction blockade facilitates general anesthetic-induced loss of consciousness. CA is a central nervous system gap junction inhibitor, which can change the structure of the gap junction by modulating the phosphorylation and dephosphorylation of the connexin subunits\[[@ref13]\]. CA is a general gap junction blocker, not specific for a particular type of gap junction\[[@ref14]\]. In addition to its ability to block gap junctions, CA is used as a blocker of the enzyme 11β-hydroxysteroid dehydrogenase. Long-term administration of CA (100 mg three times per day for 4 weeks) was found to improve verbal fluency and verbal memory in healthy elderly men\[[@ref14][@ref15]\]. Since CA was acutely infused in the present study, the effects of CA observed here are likely due to inhibition of all central nervous system gap junction channels.

A number of studies have reported that gap junctions can be regulated by certain general anesthetics. Intravenous anesthetic propofol (15 μM) at clinically relevant concentrations attenuates gap junction permeability in P19 cells and in cultured organotypic hippocampal slices\[[@ref16][@ref17]\]. In the present study, the gap junction blocker CA alone had no effect on loss of the righting reflex, suggesting that inhibition of gap junction function is not sufficient to induce loss of consciousness. However, administration of CA shortened the time to loss of the righting reflex mediated by propofol, and it prolonged the duration of this loss as well. CA also decreased the EC~50~ value for sevoflurane-mediated loss of the righting reflex. A potential role of gap junctions in modulating the anesthesia response was also demonstrated by a recent study showing that connexin36 knockout mice were more sensitive to the hypnotic effects of isoflurane compared with wild-type animals\[[@ref18]\]. While these knockout mice have a lack of functional gap junctions from birth, and thus may have acquired compensatory mechanisms. The present study demonstrated that acute gap junction blockade strongly enhanced the anesthetic response.

Recent evidence suggests that general anesthetics induce loss of consciousness by inhibiting ascending arousal pathways or by potentiating sleep promoting pathways\[[@ref7][@ref8]\]. Gap junction electrical coupling is present in certain nuclei within the reticular activating system, including the parafascicular nucleus, the pedunculopontine nucleus and the subcoeruleus nucleus\[[@ref19][@ref20]\]. Blockade of gap junctions in these nuclei may modulate neurotransmitter signaling and the effect of general anesthetics, producing changes in the loss of the righting reflex.

In summary, CA, a gap junction blocker, decreased the time to loss of the righting reflex mediated by propofol. It also prolonged the duration of this loss, and decreased the EC~50~ of sevoflurane-mediated loss of the righting reflex. We propose that the inhibition of gap junction dependent activities in the central nervous system partly underlies the anesthetic-induced loss of consciousness, and gap junction-mediated interneuronal communication could be a site of action of anesthetics. Future studies should examine changes in neuronal activity and neurotransmitter signaling to better understand the mechanisms responsible for the observed behavior.

MATERIALS AND METHODS {#sec1-4}
=====================

Design {#sec2-4}
------

A randomized, controlled, animal experiment.

Time and setting {#sec2-5}
----------------

The experiment was performed at the Experimental Center of Renmin Hospital of Wuhan University, China, from March 2009 to October 2010.

Materials {#sec2-6}
---------

A total of 80 male adult Sprague-Dawley rats, aged 6--8 weeks, weighing 210--260 g, were purchased from the Experimental Animals Centre for Disease Control and Prevention of Hubei Province, China (Certificate No. 00012298). Protocols were performed in accordance with the *Guidance Suggestions for the Care and Use of Laboratory Animals*, issued by the Ministry of Science and Technology of China\[[@ref21]\].

Methods {#sec2-7}
-------

### Model establishment by intracerebroventricular cannula implantation {#sec3-1}

Rats were anesthetized with chloral hydrate (10 g/100 mL of distilled water; 4 mg/kg, intraperitoneally) and placed in a stereotaxic frame (Huaibei Zhenghua, Anhui, China). A guide cannula for chronic drug infusion was implanted in the lateral cerebral ventricle\[[@ref22]\] (posterior −0.8 mm; lateral 1.4 mm; dorsal 3.0 mm) and fixed to the cranium with the use of dental acrylic and small screws, as described previously\[[@ref22]\]. On the experiment day, CA or a saline control solution was infused into the lateral cerebral ventricle via a 30-gauge injection needle connected to a 25-μL microsyringe with polyethylene (PE-20) tubing. The injection needle protruded 1 mm beyond the tip of the cannula to reach the lateral cerebral ventricle\[[@ref23]\]. At the end of testing, rats were anesthetized and perfused transcardially with normal saline (0.9%) and then formalin (4%). Cannula placement was verified under a light microscope.

### Detection of the loss of the righting reflex {#sec3-2}

The loss of the righting reflex was used to evaluate hypnotic action in rats. For the propofol study, the time to loss of the righting reflex and the time to recovery of the righting reflex after intraperitoneal injection of propofol were recorded. For the sevoflurane study, the animals were exposed to increasing concentrations of sevoflurane and the concentration at which 50% of rats lost the righting reflex was calculated. After adjusting the vaporizer to achieve a new concentration, a 3-minute equilibration period was allowed before testing. The percentage of animals with a loss of the righting reflex at concentrations of sevoflurane 0.9% and above (using increments of 0.1%) was used to establish the dose-response curve. Dose-response data were fitted to a formula: Y = Y~min~ + (Y~max~−lY~min~)/\[1 + 10^log(ED50\ −X)\*m^\],

where Y is the percentage of rats with a loss of the righting reflex; Y~min~ and Y~max~ are the minimal and maximal values of Y, respectively; ED~50~ is the drug dose for a half (Y~max~−Y~min~); X is the logarithmic drug dose; and m is the Hill's slope constant.

### Statistical analyses {#sec3-3}

All data were expressed as mean ± SEM and analyzed using SPSS 13.0 software (SPSS, Chicago, IL, USA). The results of different groups were compared by one-way analysis of variance and Student-Newman-Keuls test. A value of *P* \< 0.05 was considered statistically significant.
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